A modelization of a toroidal current sensor with air gaps using the 3D finite element method is presented. The errors associated with this sensor have been evaluated and the experimental verification has been carried out. With this model we try to study the sensitivity to the crosstalk error of this kind of current sensors in function of two design parameters, the width of the air gap and the position of the sensor with respect to the cable carrying current.
Introduction
The great increase in the performance of simulation tools over the last years allows today a more realistic description of the behaviour of current sensors. The numerical techniques let us to take into account effects like fringing and leakage fields, non linearity of magnetic materials, sensitivity to crosstalk and others in a more accurate way than with the conventional analytical methods. To simulate the behaviour of the sensor analysed in this work we use the finite element method in 3D by means of the commercial software OPERA of Vector Fields. The current sensors with electrical insulation (current transformer and many other systems) are extensively used in high voltage and high current installations for measurement and protection purposes. Usually it is more practical a clamp-type current sensor but its accuracy is limited by the uncertainty in the gap's width. In other applications air gaps are required to avoid core saturation or to preserve linearity. In this work, a toroidal shape current sensor with air gaps is analysed. The magnetic flux distribution has been modelled and measured inside the core, for different width of the air-gap. The sensitivity of the sensor to crosstalk errors due to neighbouring currents, external to the core, is investigated in function of several parameters as the width of the gap or the position of the sensor respect to the disturbing current. All the analysis has been focused in the low frequency range ( ≤ 60 Hz). The aim of this communication is to contribute to improve the design of sensors with air-gaps and to establish the error dependence with several design parameters.
State of the art
Nowadays it exists a great interest in the study of sensors using numerical models because they reflect better than the analytical ones, the real behaviour of the devices. The experimental study of the influence of the air gap in a toroidal current sensor has been developed in [1] , for the low current and frequency range. The modelization of toroidal sensors with air-gaps using the finite element method has been studied in [2] [3], the magnetic circuit parameters have been calculated for modelling the measuring system. The study of the influence of different kind of air gaps in the magnetic circuit in function of the frequency has been developed in [4] . In this work we present the analysis of the influence of the air gap and the relative position of the air gap within the toroidal core, in the measurement error of the current produced by currents in the vicinity of the sensor. This work continues and complements the other one published by the authors in [5] .
Modelling of the magnetic core
A magnetic core of rectangular section and dimensions R in = 24.5 mm; R out = 38.6 mm; h = 25.4 mm, and a wire carrying a current, centred in its axis, as shown in the Fig. 1 , has been simulated and modelled with the finite element method. In the core we have simulated air-gaps of different dimensions studying its influence in the magnetic flux within the core and in the gap, for different relative positions between the cable and the air-gap. The magneto-static problem has been solved by simulation using a cylindrical model of radius 1 m and high 2 m with the toroidal core centred in it. The wire of infinite length has been simulated with one of 2 m length with the axis in the cylindrical model. Table I . In the first raw, calculated errors for several points of a circumference of average radius of the toroid are shown. In the second raw the errors for several points of a radial line in the inner of the toroid are shown. The average error in percentage with respect to the analytical solution for the magnetic flux (Φ B ) calculation in transversal sections of the core is 8,28E-2. Later, different simulations with the non-linear curve corresponding to the behaviour of the magnetic material (standard Yellow-White) have been made. We have chosen such material because we have several samples and we can obtain experimental values. The material characterisation has been carried out in our Electrical Laboratory (LME, accredited by ENAC, the Spanish Accreditation System) and the results are in good accordance with the ones indicated in the specifications of the manufacturer (Micrometals) In those simulations we have introduced air gaps of different length, studying the variation of the magnetic flux in each case by simulation and by experimental measurement. The results are shown in the next paragraph
Experimental results
Three models including two symmetric air gaps of length l = 0,8 mm, l = 1,6 mm y l = 2,4 mm have been developed in the non-lineal model presented in the paragraph above and corresponding to the Yellow-White material.
The air-gaps are situated in the axis YY´(see Fig. 1 ) The models have been considered symmetrical respect to the plane OXZ, in order to avoid the need of imposing the boundary conditions in the surfaces contained in the air-gaps.
The simulated values show a good accordance with the expected ones. In Fig. 2 we can see the distribution of the magnetic flux density B in the air-gaps. As we can appreciate, the magnetic induction vector weakens and distorts in the air-gap, producing effects of dispersion that affect the flux distribution along the whole magnetic core. In the Fig. 3 we can appreciate the distribution of the magnetic flux in the points of a circumference of the average radius of the toroidal core in function of the position. It must be taken into account that, as specified in the Fig. 1 , the angle is referred to the X axis, so the air gaps are placed at 90 and 270 degrees. For verifying quantitatively the accuracy of the simulated data, a series of measurements have been carried out.
For the experimental results, a toroidal core cut by its half and separated by non magnetic material (of a width as indicated in the anterior paragraph) was used. The pick-up coil for sense the magnetic flux was built with 200 turns distributed along an angle of 3º and situated at 90º of the air gap (ϕ = 0). All the measurements were carried out for alternative current of 50 Hz flowing by the central wire through the torus and for two values of current of 150 A and 300 A.
The results are summarized in Table II (300 A) and  Table III (150 A) and are shown graphically in Fig. 4 . In Fig. 4 it can be seen the accordance between experimental data and simulated data, so that we can validate our model. After the analysis of the procedure of the measurement we can conclude that the differences between experimental and simulated values are due to uncertainties in the mechanical positioning of our experimental system.
Discussion
After comparison between analytical results and simulated ones in simple situations (without air-gap) we have established an average error in the calculation of the magnetic flux of 0,08%. In consequence, the used model has enough accuracy for obtaining good predictions in the range of currents used in industrial applications.
To carry out a first verification in a real case, we have simulated a toroidal core with two symmetric air gaps of different lengths. We have calculated the mean magnetic flux along the torus cross-sections by simulation and the comparison with the experimental results measured in the laboratory has given a very good approximation as we have shown previously.
Crosstalk errors in each section of the toroidal core without air-gaps.
The first study is focused in the deviation of magnetic flux values in each section of a torus without air-gaps due to the external current. Crosstalk errors due to a 300 A current flowing parallel to the measured current of 15 A and placed outside the magnetic gaped core at two, three, and four times the inner radius R in of the magnetic core. The gaps are located at ϕ = 90º and ϕ = 270º
In Fig. 7, Fig. 8 , and Fig. 9 , the numerical results are depicted in order to be more easily compared and analysed. Besides the expected decline of the crosstalk error when the external current separates from the magnetic core, there are two results which are interesting to underline: -it is clearly seen that the crosstalk error is extremely sensitive to the position of the air-gap with respect to the external wire, and there shall be a unique position which minimise the error. -The wider is the air-gap the greater are the crosstalk errors, for any position of the gap.
Conclusion
We have developed a model for calculate by the finite element method in 3D the magnetic field in the cross-sections of a toroidal type current sensor with air gaps with enough accuracy for the measurement of currents in industrial applications. The goodness of the simulated results has been verified by analytical methods and by measurements. Crosstalk errors due to external currents have been analysed. It has been shown that both the width of the air-gap and the position of the air-gap with respect to the external wire are key design factors when trying to minimise the influence of external current in current transformer or clamp-type current meters.
